BACKGROUND. Recombinant human PDGF-BB (rhPDGF-BB) reduces Parkinsonian symptoms and increases dopamine transporter (DAT) binding in several animal models of Parkinson's disease (PD). Effects of rhPDGF-BB are the result of proliferation of ventricular wall progenitor cells and reversed by blocking mitosis. Based on these restorative effects, we assessed the safety and tolerability of intracerebroventricular (i.c.v.) rhPDGF-BB administration in individuals with PD.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disease, affecting more than 5 million people worldwide. It is characterized by bradykinesia, rigidity, tremor, and gait disturbances, due to the progressive loss of midbrain dopaminergic neurons innervating the striatum. Even though pharmacological treatment can control symptoms for prolonged periods, treatment and disease-related complications develop. There is an unmet clinical need for effective, long-lasting neuroprotective agents or restorative strategies to prevent further degeneration of nigrostriatal neurons and axons and to slow disease progression.
Several trophic and neurotrophic factors have been explored in animal models of PD (1), but only two neurotrophic factors (glial cell-derived neurotrophic factor [GDNF] and neurturin), both members of the GDNF family, have been explored in clinical trials, albeit with limited success (2, 3) . In addition, the glucagonlike peptide-1 (GLP-1) agonist exendin-4 (exenatide) that also exhibits neuroprotective and neurogenic properties was investigated recently in an open-labeled, uncontrolled clinical study in patients with PD (4) .
PDGFs are endogenous growth factors that occur in several different isoforms. The PDGF-B gene product forms the biologically active PDGF-BB dimer, which has been shown to have restorative effects in the dopaminergic system both in vitro and in vivo. PDGF improves the survival of embryonic tyrosine hydroxylase-positive C]PE2I (referred to herein as [
C]PE2I).

Results
Patients
Out of 15 patients screened, 12 patients with idiopathic PD of moderate severity were enrolled in the study. All 12 participants completed the study and were included in the final analysis (Figure 1 ).
Patients were divided into 3 cohorts according to dose level (0.2, 1.5, or 5 μg per day) and were enrolled in the study in a staggered fashion after review by the Independent Safety Monitoring Board (Figure 2 ). One patient in each cohort was randomized to placebo. The groups were comparable in terms of demographics, although the age range varied slightly among groups. The baseline demographic data for the 12 patients included in the study are presented in Table 1 .
All patients received an intracranial catheter positioned in the lateral ventricle in the nondominant brain hemisphere connected to a subcutaneously implanted infusion pump for drug delivery. Patients received vehicle or PDGF-BB for 12 days and were followed for an additional 73 days, during which time they received an infusion of saline ( Figure 3 ).
Clinical outcomes
Safety and tolerability. Adverse events (AEs) were reported for 11 of 12 patients. The most common AEs were pain and tissue reaction around the implanted pump. A small lacunar infarct in the right parietal lobe was noted in one patient in the 1.5 μg per day dose group at follow-up, which was deemed unrelated to the treatment by the investigator. No pathological changes were identified based on assessments of patients' visual acuity or perimetry. There was no indication of weight loss or nausea in neurons in vitro (5-7), and lesions in the mesostriatal dopaminergic system in vivo show evidence of elevated PDGF-B synthesis, which was interpreted as a possible endogenous neuroprotective response (8) . Furthermore, recent animal studies demonstrated that intracerebroventricular (i.c.v.) administration of PDGF-BB for 2 weeks restored dopaminergic neurotransmission and provides functional recovery in several PD animal models. Injection of PDGF-BB resulted in (a) increased periventricular cell proliferation; (b) an increased number of tyrosine hydroxylase-positive dopaminergic neurons in the substantia nigra; (c) partial restoration of striatal dopamine transporter (DAT) levels; and (d) normalization of Parkinsonian behavior (9) . The effect of PDGF-BB on dopaminergic neurons continued to develop after the treatment period and remained stable for several months after the end of treatment. Hence, the benefit of PDGF-BB does not appear to be the result of a direct pharmacological effect. Histologically, PDGF-BB leads to proliferation of SOX-2/Olig-1-positive periventricular progenitor cells. Interestingly, all the effects of PDGF-BB on the nigrostriatal system were abolished if cell proliferation was blocked, suggesting that the effects of PDGF-BB are mediated by proliferating periventricular progenitor cells (9) . There was no apparent generation of new dopaminergic cells in this experimental paradigm, and behavioral recovery was not achieved in a complete nigrostriatal lesion model. The exact restorative mechanism of PDGF-BB is uncertain; however, the preclinical data indicate that PDGF-BB-induced newborn progenitor cells have a trophic effect on remaining dopaminergic neurons and fibers (9) .
The positive effects of PDGF-BB seen in preclinical models led us to evaluate PDGF-BB as a potential novel therapy for patients with PD. This first-in-human clinical study was conducted to investigate the safety and tolerability of recombinant human PDGF-BB (rhPDGF-BB) for i.c.v. administration. We also assessed the effects of i.c.v. rhPDGF-BB on motor and nonmotor symptoms as well as on striatal DAT binding, as measured by PET, with the Tables 2 and 3 , respectively). No human PDGF-BB-specific antibodies were detected in any of the patients prior to drug administration or at follow-up (data not shown).
Secondary outcomes. The secondary objective of the study was to explore the effect of PDGF-BB on PD-related parameters, using validated clinical rating scales. These objectives were exploratory, since the study was neither designed nor powered to detect effithe active treatment groups compared with the placebo-treated patients. There were no clinically significant abnormal findings for ECGs, vital signs, or clinical laboratory tests, except for one report of an increased mononuclear cerebrospinal fluid (CSF) cell count in one patient in the 0.2 μg per day treatment group that resolved spontaneously. There were no signs of intracranial bleeding or loss of blood-brain barrier integrity based on bilirubin and albumin levels in the CSF.
All study participants underwent surgery according to the study protocol, and no unexpected surgical complications were noted Table 1 . Demographics and baseline characteristics of the 12 participating patients The function shows that a high baseline value was associated with a more pronounced decrease, whereas the slope of change was shifted in a positive direction by the PDGF-BB treatment in a dose-dependent manner.
cacy. PD motor-related symptoms were scored during an "off medication" state using the motor examination section (part III) of the Unified PD Rating Scale (UDPRS). At the end of study, all patients had a mean improvement of 4.5 points in the motor examination section of the UPDRS compared with baseline; however, this improvement was similar in all groups, including placebo-treated patients ( Table 4) .
The total Montgomery-Asberg depression rating scale (MADRS) scores indicated mild depression in 2 patients (1 in each of the 1.5 μg per day and 5 μg per day dose groups) at follow-up. All other patients had total MADRS scores that were not indicative of depression (Table 4 ). The total Mini-Mental State Examination (MMSE) scores indicated mild mental impairment (MMSE 22/30) in 1 patient in the 5 μg per day dose group at follow-up (Table 4 ). This patient already had a value in the lower range at baseline (MMSE 25/30) and later developed PD dementia.
Quality of life was assessed by using the EuroQoL-5D (EQ-5D) health state score and visual analogue scale. There was no change in quality of life in the treatment groups at follow-up compared with that at screening, whereas there was a slight improvement in the visual analogue scale in the placebo-treated group at follow-up compared with that at screening (Table 4) . ]PE2I DAT binding was assessed both prior to delivery of drug or vehicle and after the completion of the treatment, with time intervals ranging from 91 to 266 days between PET scans. All patients were scanned at least 14 days before treatment and 85 ± 5 days after initiation of treatment. The time interval range between PET scans can be explained by logistical problems for the preoperative PET scan in relation to surgery and scheduled hospitalization for individual patients.
The most prominent effects of PDGF-BB treatment were seen in the right putamen, the region close to the tip of the drug delivery catheter and the one in which the highest concentration of PDGF-BB could be expected. Placebo-treated patients exhibited a reduction in mean [ 11 C]PE2I DAT binding, whereas patients on active treatment (5 μg per day) showed a mean increase (Figure 4) . A multiple regression analysis showed that the direc- The type of AEs, the number of patients (n) reporting this event in each cohort, and the frequency of this event within the cohort expressed as a percentage are shown. has generally been disappointing (2, 3) . Difficulty in delivering the bioactive protein across the blood-brain barrier and tissue penetration appear to be the major limitations for the administration of neurotrophic factors targeting cells in the striatum or the substantia nigra. In contrast to other trophic factors investigated in PD, PDGF-BB targets stem and progenitor cells in the ventricular wall and thus constitutes a novel approach, with reduced demands for tissue penetration. This is a first-in-human, double-blind, randomized, placebocontrolled phase I/IIa trial, reporting safety and tolerability of the i.c.v. delivery of rhPDGF-BB to patients with moderate PD using an investigational i.c.v. catheter and a SynchroMed II pump The changes in [ 11 C]PE2I DAT binding in the analyzed regions over a period of 4 months, as predicted by the regression function, are shown in Table 5 and Supplemental Tables 4-6 (supplemental 
Discussion
Based on preclinical studies, neurotrophic factors offer promising therapy concepts for PD (1). However, only a few have reached the clinical testing phase, and the outcome of these clinical trials (Medtronic Inc.). There were no safety or tolerability concerns and no overt drug-related AEs after i.c.v. administration of PDG-F-BB to patients with PD. This first-in-human study investigated a novel growth factor with a unique mechanism of action using an invasive i.c.v. application, but the study design also included a randomized i.c.v. placebo treatment. Thus, sample size was deliberately small, and when reporting safety and tolerability of this new neurotrophic factor in PD, one needs to consider the patient numbers and the particular patient population eligible for this trial. Inclusion and exclusion criteria in this study were chosen so patients had sufficiently advanced disease to justify a surgical paradigm but, at the same time, were able to undergo cranial surgery and to comply with a rather intense follow-up program.
The trial was designed primarily as a safety study and therefore was not powered to detect any changes in efficacy parameters. However, we observed an improvement in UPDRS part III scores in all cohorts, including the placebo-treated patients. This is in line with a well-described placebo effect in PD trials, especially evident with complex and invasive interventions (10) .
[ 11 C]PE2I DAT binding, an indirect measure of the integrity and functional state of dopaminergic neurons, is arguably less influenced by a placebo effect compared with functional ratings and may provide an indication of a treatment effect on the nigrostriatal system. In line with longitudinal imaging studies of disease progression in PD, in our study there was a generally more rapid decline in [ 11 C]PE2I DAT binding in patients with higher baseline values (11) . We found that the baseline value, the time interval between PET scans, and the PDGF-BB dose were independent and significant predictors of the absolute change in [
11 C]PE2I DAT binding; these factors combined explained 68% of the variability in change. With increasing PDGF-BB doses, the slope of change in binding shifted in a positive direction, and for the highest dose (5 μg per day), the regression model, including all factors, predicted an absolute increase in binding over a time period of 4 months. This confirms similar findings in preclinical models, in which i.c.v. PDGF-BB infusion led to increased DAT binding in the striata of treated animals compared with that in controls (9) . Even though the results of the PET investigations appear promising, one has to keep in mind that they are based on a small number of patients and cannot be generalized to a large population or to longer time periods. It still remains speculative whether the findings related to PDGF-BB in this study reflect a clinical improvement, and further clinical trials addressing efficacy in particular are warranted. The current study provides data that will be useful for the design of future studies investigating the safety of PDGF-BB in patients with PD, which should address a longer follow-up period, a further dose escalation, and repeated administration of PDGF-BB.
We conclude that a 2-week i.c.v. administration of PDGF-BB is safe and well tolerated in patients with moderate PD. In contrast to the potential benefit of PDGF-BB seen by the PET data, PDGF-BB did not show any dose-dependent effects on clinical efficacy parameters in this small sample size at the doses investigated. Further clinical trials are underway to study the efficacy of PDGF-BB and its potential to mediate long-term symptom relief as well as the effect of PDGF-BB on the restoration of the nigrostriatal system, as supported by preclinical studies, and its possible capacity to slow disease progression in PD.
Methods
Patients
The study was conducted at two clinical centers in Sweden (Skåne University Hospital, Lund, and Karolinska University Hospital, Stockholm). Men and women aged 30 to 75 years, with a diagnosis of idiopathic moderate PD (Hoehn & Yahr stage IIb-III) for longer than 5 years, were included. Exclusion criteria were atypical or secondary parkinsonism, signs of dementia or depression, exposure to neuroleptic drugs within 6 months prior to the screening visit, a history of structural brain disease, and previous neurosurgical treatments of PD as well as any condition precluding a surgical procedure. Further details regarding inclusion and exclusion criteria are available in the Supplemental Information.
A Data Safety Monitoring Board analyzed the safety data and approved the commencement of treatment in each successive cohort. The board's analysis and decision were finalized 1 week after the 12-day treatment of the last patient in each of the two first cohorts. All patients, including placebo patients, were offered removal of the implanted device or participation in a follow-up and/or an openlabeled dose-escalation trial after the end of this study.
Randomization and masking
Patients were enrolled in a step-wise fashion to dose groups and then randomly assigned to receive treatment or placebo (vehicle) using a computer program, PROC PLAN in SAS. Patients, caregivers, treating neurologists, and neurosurgeons were blinded to the treatment allocation (active treatment or placebo), and all patients underwent the neurosurgical procedure to have the full infusion system implanted.
Procedures
Experimental design. Twelve patients were allocated to 1 of 3 dose cohorts (0.2, 1.5, or 5 μg rhPDGF-BB per day) and then randomized to active treatment or placebo (sodium acetate buffer) (3:1) (Figure 1) . The start of treatment was staggered, with a minimum of 2 weeks between each patient (Figure 2 ). The pump was programmed for continuous infusion of study drug or placebo to achieve a daily dose of 0.2, 1.5, or 5 μg per day of PDGF-BB or placebo for 12 days, after which all patients received sodium acetate buffer for 10 weeks until end of study. PET imaging PET scans were performed at the Karolinska Institute, Stockholm, Sweden, at baseline and at the end of study (day 85). PET measurements were performed with the DAT radioligand [ 11 C]PE2I using the HRRT system (Siemens Molecular Imaging). Each subject had an individual plaster helmet made to allow for repeated scans. A transmission scan of 6 minutes with a single source of 137 Cs was acquired immediately before radioligand injection. The radioligand was produced as described previously (12) and administered intravenously. List mode data were acquired for 93 minutes, and images were reconstructed with a series of 31 frames of increasing duration (4 frames at 15 s, 4 frames at 30 s, 6 frames at 60 s, 6 frames at 180 s, and 11 frames at 360 s). Images were reconstructed with 3D-OP-OSEM with PSF modeling as previously described (13) . The in-plane resolution with this reconstruction method was 1.5 mm full with half maximum in the center of the field of view and 2.4 mm at 10 cm off center (13) .
Parametric mapping
Parametric mapping of [ 11 C]PE2I PET measurements was performed after motion correction as previously described (14) . The wavelet-aided parametric imaging software (15) generated images of binding potential (BP ND ), using the Logan noninvasive graphical analysis and the cerebellum as reference region. The t* (time of linearization) for the Logan graphical analysis was set at 54 minutes.
Region-of-interest analysis
The 3D-T1-weighted MRI of each patient was coregistered to the patient's PET images. Regions of interest were drawn on the caudate (head and body), putamen, ventral striatum, and substantia nigra. The regions of interest were then transformed to PET space and applied on the parametric images to obtain data for BP ND for the respective region.
Outcome parameters
The primary objective was to assess safety and tolerability of i.c.v. administration of PDGF-BB and the device performance. Safety and tolerability were regularly monitored by ECGs; recording of vital signs; clinical laboratory tests; recording of AEs and withdrawals related to AEs; possible pathological changes in the brain, spinal cord, or retina identified through MRI; funduscopy; assessment of visual acuity and over time, as measured by binding of ligands for DAT, VMAT2, and F-dopa (11, (16) (17) (18) (19) . Thus, baseline binding reflecting the stage of the disease is expected to have an impact on rate of change, with a more rapid decline from higher baseline values. The time interval between assessments will also affect the expected degree of change. Accordingly, change in [ 11 C]PE2I DAT binding from before to after treatment was analyzed by multiple regression, with the following potential predictors: baseline value of binding, time interval between PET scans, and dose of PDGF-BB. A stepwise approach was used, with P < 0.05 as the threshold for retaining parameters in the model.
Study approval
The study was approved by the Swedish Medical Product Agency and the local ethics committee in Stockholm, Sweden, as well as the Radiation Protection Committee, Karolinska Institute, Stockholm, Sweden, and performed in accordance with the Declaration of Helsinki and International Conference on Harmonization Good Clinical Practice guidelines. All patients provided informed written consent before enrollment.
